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Intense H- beams have been extracted from a huge multicusp plasma source operated with cesium 
seeding. The H- beams were accelerated up to 100 keV by a single-stage or a two-stage electrode 
system. Spatial profiles of the beams are measured calorimetrically and the beam divergence angle 
is obtained from half of the e-folding width. A minimum beam divergence angle of 5 mrads is 
achieved at a H--current density of 30 mA/cm’ with a beam energy of 100 keV. The ratio of 
acceleration current to H- current increases abruptly when a H- current saturates in the space 
charge limited region. This enhancement is mainly due to secondary electrons caused by the 
intersection of H- beams with an extraction grid. When the operating gas pressure decreases, the 
ratio of the acceIeration current to the H- current decreases. This is related to a stripping loss of H- 
ions in the electrodes. A beam divergence angle reaches a minimum when a ratio of V,, to V,, is 
set at an optimum value of 1.6 in the single-stage acceleration. This ratio is almost the same as that 
in the double-stage acceleration, where the optimum ratio of Z&/E,,, is 1.5. In the optimum 
E,,,IE,,, ratio the divergence angle is not affected by V,,. The divergence angle can be reduced by 
changing V,,, even if the ratio of EaCC,/Eext is not optimized. The beam steering effect by permanent 
magnets buried in an extraction grid is observed in nine beamlets experiments. A simple calculation 
of a single particle trajectory gives a good approximation of the beam deflection angle. 0 1995 
American Institute of Ph.ysics. 
I. INTRODUCTION 
In nuclear fusion research, the neutral beam injection 
(NBI) is one of the most promising methods for a plasma 
heating and/or a current drive and has been utilized in many 
plasma confinement devices. A scale of plasma devices be- 
comes large and a beam energy more than 100 keV is re- 
quired in the next stage of the NBI system. Since a neutral- 
ization efficiency is low in positive ions in the energy range, 
the negative-ion-based NBI system is required. Therefore, it 
is necessary to investigate the production and acceleration 
characteristics- of H-/D- ion beams and to develop large 
current negative ion sources. The ITER (International Ther- 
monuclear Experimental Reactor)-NBI system is required to 
inject the D- beam power of 50 MW with an injection en- 
ergy of 1 .O MeV.’ 
In the development of the negative ion sources, a few 
amperes of H- ions were extracted from multicusp sources 
in pure hydrogen discharges.“-4 Recently, it was reported 
that an enhancement of the H- ion current is induced by 
seeding a small amount of cesium (Cs) vapor into a multi- 
cusp plasma source.5-7 A H- current up to 10 A has been 
obtained in the Cs-seeded sources.s-r1 
In the LHD (Large Helical Devicej project, conducted 
by the National Institute for Fusion Science, the negative- 
ion-based NBI system (total injection power: 20 MW, injec- 
tion energy: 125 keV for hydrogen, 250 keV for deuteriumj 
has been proposed.” The ion source is required to deliver 45 
A of H- ion current from an extraction area of 25X 150 cmz. 
The LHD has superconducting helical coils to generate a 
magnetic field for the plasma confinement. Since the device 
is surrounded by a large cryostat for thermal insulation, it has 
small-sized injection ports for NBI. It is necessary to obtain 
a H- ion beam with a high current density of 30 mA/cm” and 
with a low beam divergence of 0.5” (9 mrad) to inject the full 
beam power into the device. 
In the research and deveIopment we have fabricated l/6 
and l/3 scaled sources and successfully obtained a H- ion 
beam of 16 A with a current density of 45 mA/cm’. l3 The arc 
efficiency (the ratio of H- current to input arc power) was 
improved up to 0.1 AlkW and H- beams above 10 A were 
accelerated up to 125 keV.14,15 It is one of the key issues in 
research and development to confirm the low beam diver- 
gence of the H- ion beam at a high current density. 
It has been demonstrated at JAERI (Japan Atomic En- 
ergy Research Institute) that the H- ion beams are acceler- 
ated up to 400 keV with a current density of 13 mA/cm’ and 
a beam divergence angle of 5 mrad.r6 Since an ion beam will 
diverge with increasing current density by the space charge 
effect, it should be demonstrated experimentally to accelerate 
high current density H- ions with a low beam divergence 
angle. 
It is also important to suppress electrons accelerated with 
negative ions in the high energy acceleration of negative ion 
beams. As the ratio of an acceleration current to a H- current 
becomes &ge, a larger power supply system is required and 
the heat load to each grid becomes large. An electric break- 
down in the acceleration gap may be enhanced by the accel- 
erated electrons. Electrons extracted with H- ions are bent 
by a magnetic field due to permanent magnets buried in the 
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FIG. 1. Schematic diagram of the l/3 scaled negative hydrogen ion source. 
The structure of the bar magnetic filter is described in the figure. 
extraction grid and cannot penetrate into the acceleration 
gap. The electrons accelerated in the acceleration gap are 
generated by the following processes: (1) a stripping process 
of H- ions in the gap; and (2) a secondary electron emission 
due to collisions of H- ions with grids. The ratio of an ac- 
celeration current to a H- current should be investigated in 
conjunction with an operating gas pressure and beam optics. 
In this article, we describe experimental results of a H- 
beam acceleration from a single beamlet and nine beamlets. 
H- beams are accelerated up to 100 keV with a current den- 
sity of 30 mA/cm2. A divergence angle is determined from a 
measured beam profile and a dependence of the divergence 
angle on an acceleration voltage is obtained. The ratio of an 
acceleration current to a H- current is measured in various 
conditions of pressure, input arc power, extraction voltage, 
and acceleration voltage. Experiments in single-stage and 
double-stage acceleration electrode systems are compared. 
The beam steering effect by the permanent magnets bur- 
ied in the extraction grid was pointed out in a 49 holes ex- 
periment in JAERI.r7 This effect is a crucial problem in fo- 
cusing ion beams from multibeamlets. We  have also 
confirmed this effect by operating a nine beamlets extraction 
system and comparing the shift with calculated results. 
II. EXPERIMENTAL APPARATUS 
A schematic view of the negative ion source is shown in 
Fig. 1. This source is a l/3 scaled version of the LIID-NBI 
source. The size of a rectangular multicusp plasma source 
chamber is 37 cm in width, 62.5 cm in height, and 18.5 cm in 
depth. An arc plasma is produced by using 18 tungsten fila- 
ments of 1.8 mm in diameter attached to the chamber wall. 
This source is the same one from which 16 A of H- current 
was obtained.r3 Several modifications are made in the source 
to improve arc efficiency. The magnetic filter which reduces 
electron density and temperature near the extraction aper- 
tures has been changed from a rod-type one (10 mm in di- 
ameter) to a rectangular bar-type one (14X24 mm’) in order 
to improve transparency and arc efficiency. Four bar-type 
magnetic filters with water cooling channels are installed in 
FIG. 2. Structures of (a) the single-stage and (b) the double-stage accelera- 
tion electrode system. 
front of the plasma grid. Each bar is separated by 208 mm 
and the magnetic field strength between the filters is 55 G. A 
molybdenum liner is attached to the chamber’s inner wall to 
avoid Cs condensation on the wall. The separation between 
the liner and the wall is reduced from 5 to 2 mm, resulting in 
an increase of the cusp field strength from 0.8 to 1.0 kG. The 
size and structure of the filaments are also modified. 
A single-beam experiment is done with a single-stage 
and a double-stage beam acceleration electrode system as 
shown in Figs. 2(a) and 2(b), respectively. A plasma grid 
facing an arc plasma is made of molybdenum without water 
cooling. The other grids are made of oxygen-free copper. 
Permanent magnet arrays are buried in an extraction grid to 
deflect electrons extracted together with negative ions. An 
acceleration and a grounded grid are set in the double-stage 
acceleration but only a grounded grid is set in the single- 
stage acceleration. An extraction voltage Vext is applied be- 
tween the plasma grid and the extraction grid up to 9.5 kV, a 
first acceleration voltage Vaccl is applied between the extrac- 
tion grid and the acceleration grid up to 40 kV, and a second 
acceleration voltage Vacc2 is applied between the acceleration 
grid’and the grounded grid up to 90 kV. In the single-stage 
experiment, an acceleration voltage V,, is applied between 
the extraction grid and the ground grid up to 90 kV, 
A multihole experiment is also done with the double- 
stage acceleration system. Nine holes of 13 mm in diameter 
are arranged in an area of 5 X 5 cm’. The beam pulse length is 
kept at 0.3 s during the experiments. 
In order to seed Cs vapor into the source chamber, a Cs 
oven is attached on an end plate of the chamber through a 
vaive. The oven can be heated up to 300 “C. Guiding tubes 
and the valve are heated at a higher temperature’than that of 
the oven to prevent cesium condensation. The amount of Cs 
vapor is controlled by changing the duration of the valve 
opening and the oven temperature. In the experiment the 
oven temperature is kept relatively low and Cs vapor is 
slowly seeded in the source. When the Cs effect (an enhance- 
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PIG. 3. Dependencies of (a) H- current, (b) Inec, and (c) I&H- on f’,, for 
three diierent V,,, ; (open circles) V,,,=9.3 kV, (closed circles) Ve,=7.9 kV, 
(crosses) V,,=6.6 kV. V,,=50-80 kV, ~~0.7 Pa. 
ment of a H- current and a decrease of an extraction current) 
appears during the operation, the valve is closed and no more 
Cs is subsequently supplied. A total amount of Cs is esti- 
mated to be less than 100 mg. The plasma grid temperature is 
important for the Cs-seeded operation. The grid is heated by 
radiation from filaments and particle influx from arc dis- 
charges. Its temperature is monitored by a thermocouple and 
is around 300” during the experiments. 
The total H- ion currents are measured with a two- 
dimensional (2D) calorimeter array, which has a cross shape 
and the spatial beam profiles in both the horizontal and ver- 
tical directions are measured simultaneously in a single shot. 
There are 19 channel calorimeters in the horizontal and also 
19 channel ones in the vertical direction. The current density 
at each point is calculated from the temperature rise of the 
calorimeter. The total H- ion current is obtained from the 
profiles. The array can be moved in the vertical direction and 
the whole 2D spatial profile can be obtained. Permanent 
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PIG. 4. (a) H- current (open circles) and I& (closed circles), and (b) Z&I- 
as a function of p. V,,=9,L? kV, Va,,-73 kY P,=45-50 kW. 
magnets are placed in front of each calorimeter to remove 
accelerated electrons. This array is placed at 2.0 m  down- 
stream from the plasma grid in the experiments. The total H- 
ion current and the current density mentioned in this article 
are the values at the calorimeter. 
III. EXPERIMENTAL RESULTS AND DISCUSSION 
A. Characteristics of the H- beams extracted front the 
source 
Several characteristics of the H- beams are investigated 
in a single-beamlet and the single-stage acceleration elec- 
trode system. Here, the extraction gap, dext, and the accel- 
eration gap, da,, , are set at 4.5 and 40 mm, respectively. The 
dependence of a H- current on an input arc power P,, is 
measured and is shown in Fig. 3(a). The arc power is deter- 
mined by the product of an arc current, ‘Z,, , and an arc volt- 
age, V,. The extraction voltage V,,, is set at three different 
values. When V,, is fixed, the H- current increases linearly 
with Pm, corresponding to the plasma-density-limited op- 
eration, where the H- current is proportional to the plasma 
density. As P,, further increases, the H- current saturates. 
This saturation corresponds to the space charge limited op- 
eration. In Fig. 3 the arc powers where the saturation occurs 
are indicated by arrows. When V,,, increases, the H- current 
increases again. These characteristics have been also ob- 
served in the multihole experiments.10’11’13V14 An extraction 
current, I,,, , increases almost linearly with P,, and the ratio 
of Z,,,/H- is lower than 2. 
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FIG. 5. Dependence of (a) the beam divergence angle and @) I,,, on V,,, at 
~~0.7 Pa for three different H- current densities; (open circles) j-=15 
&Cm?, pm=25 k\V, V,,=6.3 kV, (closed circles) j-=22 mA/cm’, 
pm=35 kW, V,,-7.9 kV; (crosses) j-=28 mAlcm2, Pa,=45 kW, v,,=9.3 
kV. 
In Fig. 3(b) the acceleration currents Z,, are also plotted 
top,. A sudden increase in Z,, is observed at the Pat where 
the H- current saturates. The ratio of I,,, to the H- current, 
Z&I-I-, is also plotted in Fig. 3(c). The ratio is kept constant 
at 1.3-1.5 before saturation and abruptly increases when the 
saturation occurs. It is believed that the sudden increase of 
the acceleration current is due to the secondary electrons 
emitted from the extraction grid by collisions of diverging 
H- ions with the grid. In the space charge limited region 
where the H- current saturates, the H- emission surface is 
distorted and the beams tend to diverge. The expanded 
beams collide with the extraction grid and the emitted sec- 
ondary electrons are accelerated. Though the magnetic field 
by the permanent magnets is also present in the acceleration 
gap, it seems to be insufficient for the suppression of the 
secondary electrons. 
The constant ratio of Z&H- before the saturation in Fig. 
3 is related to the filling gas pressure, p. Figure 4(a) shows 
the dependence of the H- current and I,,, on p. The maxi- 
mum H- current is obtained at p = 0.7 Pa. As the pressure 
decreases, the difference between H- current and I,,, be- 
comes small and the ratio gets close to 1. Figure 4(b) shows 
the ratio of Z&H- as a function of p. The ratio becomes 
large as the pressure increases. This indicates that the ratio is 
determined by the stripping loss in the acceleration system. 
H- ions are easily stripped by collisions with neutral mol- 
ecules. The stripping loss of H- ions within the extractor/ 
accelerator structure is estimated to be 16% at a source pres- 
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FIG. 6. Dependence of the beam divergence angle on I&J&,, . Marks are 
the same as that in Fig. 5. 
sure of 0.7 Pa. However, the ions are mostly stripped in the 
extraction gap. These electrons are trapped by the magnetic 
field and may not penetrate into the acceleration gap. The 
ratio of Z,JJK cannot be explained only by the stripping 
during the acceleration gap. It is supposed that some of the 
neutrals stripped in the extraction gap have divergent trajec- 
tories, that they do strike the extraction grid, and that emitted 
secondary electrons contribute to I,,, . In the high energy 
beam acceleration of negative ions it is very important to 
reduce the operating gas pressure not only for the reduction 
of the accelerated electrons but also for the good beam op- 
tics. 
B. Measurement of beam divergence angle of the H- 
beams 
Figure S(a) shows the dependence of the divergence 
angle on the acceleration voltage V,,, . The beam divergence 
angle o is given by w=tan-’ (W/L). Here W is half of the 
e-folding width of the spatial profiles measured by the calo- 
rimeter array, and L is the length between the ground grid 
and the calorimeter array. Each curve corresponds to a dif- 
ferent current density and an adequate V,,, is applied in order 
that the H- current saturation due to the space charge limit 
does not occur. The optimum (minimumj divergent angle of 
5 mrad is obtained at each current density by adjusting V,,, . 
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FIG. 7. Two-dimensional profile of the H- beam. P,-36 kW, V,,=7.9 W 
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There is no effect on I,, when V,, changes as is shown in 
Fig. 5(b). This indicates that I,,, is independent of the elec- 
tric held in the acceleration gap and then of the beam trajec- 
tory during the gap. 
Figure 6 shows a dependence of the beam divergence 
angle on the ratio of the electric field E,, to E,,, , EacJEext . 
The optimum ratio for the minimum divergence is 1.6 and is 
almost the same value in all cases. Here, it is assumed that 
the extraction gap is 7 mm, the thickness of the plasma grid 
of 2.5 mm is added to dext of 4.5 mm, and that the accelera- 
tion gap, damI, is 40 mm. It is remarkable that the depen- 
dency is almost the same in three different current densities. 
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spatial profiles of the H- beams from nine beamlets. V,,=7 kV, 
V,,,IV,,,=23/50 kV, p=1.2 Pa, j-=8 mA/cm’. 
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A 2D spatial profile of the H- beams with a divergence 
angle of 5 mrad and a current density of 15 mA/cm2 is 
shown in Fig. 7. The divergence angle of 5 mrad is also 
obtained with a current density of 30 mA/cm”. Figure 7 is 
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FIG. 12. The calculated single particle trajectory: (a) a measured magnetic 
field strength, (5) an electric potential assumed in the calculation, (c) a 
calculated H- beam trajectory, and (d) a beam steering angle as a function 
of the beam position. 
obtained by scanning the calorimeter array vertically. The 
profile is almost axisymmetric. The peak position is moved 
slightly when V,, is changed. This is the beam steering ef- 
fect that will be discussed later. 
Figure 8(a) shows the dependence of the divergence 
angle on V,,, for three different P,. The V,,, is kept con- 
stant and each symbol corresponds to the data before, just 
before, and after the H- current saturation. As shown in Fig. 
8 the optimum value of V,,, to obtain the minimum diver- 
gence angle is changed slightly as P,, increases. In a low 
P, operation the emitted beams tend to converge and lower 
I<?!,,, is good for the optimum optics. When P, increases, the 
extracted beams tend to diverge and higher V,,, is necessary 
for the optimum optics. Figure 8(b) shows the dependence of 
Iax on Vacc. In this space charge limited region, &,,, is larger 
than that in the plasma-density-limited region as discussed in 
Sec. III A. The increased Z,, cannot be suppressed by chang- 
ing V,, as shown in Fig. 8(b). This indicates that the in- 
creased I,, is not caused by the phenomena in the accelera- 
tion gap. These data support the fact that the diverged beams 
partially collide with the extraction grid and that the emitted 
secondary electrons are accelerated as mentioned above. It is 
worth noting that even if the current density changes from 15 
to 30 mA/cm” the accelerated beam divergence angle can be 
kept below 7 mrad when V,,, is set at 75 kV. This is favor- 
able for the large H- ion source where the density of the 
plasma is not perfectly uniform. 
C. Double-stage acceleration of the H- beams 
The beam divergence angles are also measured in the 
double-stage acceleration system and compared with that in 
the single-stage experiments. Here, dext, c&, and &,, are 
set at 3.5, 20, and 40 mm, respectively. In Fig. 9 the beam 
Horizontal-direction (cm) 
-5.0 0.0 5.0 10.0 
Vertical-direction (cm) 
10.0 ,e, 
Horizontal-direction (cm) 
FIG. 13. The calculated (a) horizontal, (b) vertical, and (c) two-dimensional 
spatial profiles of the H- beams. It is assumed the steering angle is 8 mrad 
and the beam divergence angle is 6 mrad. 
divergence angles are plotted as a function of EaccllEext in 
two cases of Vaccl/Vaccz, 23150 kV and 27160 kV. Here, it is 
assumed that the extraction gap is 6 mm, the thickness of the 
plasma grid of 2.5 mm is added to d,,, of 3.5 mm. There is an 
optimum value of E,,,l/Eex, of about 1.5, which is almost the 
“30 40 50 60 70 80 90 100 110 
V-act (kV) 
FIG. 14. Beam steering angle as a function of V,,. Open circles are ob- 
tained in the single-stage acceleration and the dotted line corresponds to the 
calculation. 
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same as the optimum ratio of Ea,,jEe,, in the single-stage 
acceleration shown in Fig. 6. The optimum value of the ratio 
is not changed when the current density changes from 15 to 
30 mA/cm’. 
A divergence angle is also affected by a second accel- 
eration voltage V,,,. Figure 10 shows the dependence of the 
divergence angle on Vaccz for several E,,,IE,,. A beam di- 
verged by an unmatched ratio of EaccllEext can be refocused 
by changing V,,,. It is noted that when Vaccl is set at an 
optimum value for Vext, the divergence angle is not affected 
by Vacc2 As shown in Fig. 10, a minimum divergence of 5 
mrad is also obtained in the double-stage acceleration sys- 
tem. 
D. Beam steering by the permanent magnets 
The H- beams are extracted from nine holes of 13 mm 
in diameter. The measured spatial profiles are shown in Fig. 
11. Though the profile is somewhat distorted, nine peaks 
appear, as is shown in Fig. 11. It is worth noting that each 
vertical row of three peaks shifts up and downward. The shift 
of the beam position is caused by the steering effect of the 
permanent magnets buried in the extraction grid. A single 
particle trajectory in the electrodes is calculated with an as- 
sumed linear electric field and a measured magnetic field as 
shown in Fig. 12. The simple calculation indicates a beam 
steering angle of 8 mrad in this experimental condition. Fig- 
ure 13 shows calculated spatial profiles of the beam at 2 m 
apart from the ion source, where the calorimeter is placed. 
Here, a beam divergence angle is assumed to be 6 mrad and 
includes the steering effect. The result is in good agreement 
with the measured profiles. The steering direction also agrees 
with the calculated one. 
The steering angle is affected not only by the magnetic 
field but by the beam acceleration voltage. If the acceleration 
electric field is strong, a particle velocity increases and the 
beam steering angle decreases. It is observed in the single 
beamlet experiment that the beam’s peak position shifts as 
the V,,, changes. The shifts 
function of VaI,,, in Fig. 14. 
corresponds to the calculated 
the observed dependence. 
of the beam are plotted as a 
The dotted line in the figure 
value of the shift and matches 
A beam steering by the bar-type magnetic filter is also 
observed. This shift, however, is unidirectional in all beam- 
lets and the total beam direction can be modified by chang- 
ing the ion source direction. In order to focus the beams from 
multibeamlets at one point, the aperture displacement 
method can be utilized and it is necessary to consider this 
steering effect by the permanent magnets. 
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